Captive populations provide a precious genetic resource for endangered animals and a source of individuals for reintroduction to depleted habitats. Therefore, accuracy in determining paternity is of vital importance for managing captive populations and in selecting representative individuals of known genetic characteristics for release. In this study, we established a fast and effective method to conduct paternity testing for captive giant pandas in the Wolong population. This technique uses two highly polymorphic microsatellites initially, subsequent use of five less polymorphic markers and then paternity exclusion testing carried out using the giant panda paternity exclusion program we have developed. Our results revealed that (1) both sets of markers successfully identified the real fathers in 25 cases of paternity testing and (2) the success rate of paternity exclusion varied with the degree of polymorphism of the markers used. Subsequently, we conducted correlation analysis between the success rates of paternity identification with these markers, parameters of genetic diversity and tests of neutrality. We found that the paternity exclusion power of microsatellites was significantly correlated with the number of alleles (Na), expected heterozygosity (H E ) and observed homozygosity statistic (F O ) (all P < 0.05). From this, we developed a new variable, NaH E /F O , showing a highly significant positive correlation with the resolution power of microsatellites (P = 0.001). Moreover, the first two highly polymorphic loci gave a 100% success rate of excluding non-paternal males because they yielded higher values of NaH E /F O than the other five less polymorphic markers. Thus, the NaH E /F O parameter appears suitable to serve as a criterion for selecting microsatellite markers, which could be used for high-resolution molecular techniques of paternity determination among a range of captive animals besides giant pandas. giant panda, paternity testing, microsatellite, correlation Citation: Li D S, Cui H M, Wang C D, et al. A fast and effective method to perform paternity testing for Wolong giant pandas.
The biological diversity of the planet is being depleted rapidly as a direct and indirect consequence of human actions [1] . Many species are already extinct and the populations of many others have been reduced to levels where they risk extinction. The International Union for the Conservation of Nature (IUCN) 2011 Red List shows that a total of 10359 animal species are classified into the categories of Extinct (EX), Extinct in the Wild (EW), Critically Endangered (CR), Endangered (EN) and Vulnerable (VU) (http://www. iucnredlist.org). Out of these species, 4831 are listed in the EW, CR and EN appendixes and require captive breeding programs to preserve their gene resources and protect them. For the EW animals, captive breeding is the only way to ensure survival of their species. For the CR and EN animals, captive populations are not only precious genetic resources but also serve as sources of individuals that can be released for reintroduction projects. Therefore, scientific managment of captive populations is of importance for the conservation of endangered animals.
Artificial insemination (AI) can be used to (1) control the genetic contribution of individuals that are unable to breed naturally, (2) enhance the reproductive rate of males of high genetic quality and (3) increase the overall success rate of reproduction. To expand captive populations quickly, the AI technique has been used in artificial reproduction of the cheetah [2], black-footed ferret [3] , pampas deer [4] , and other endangered animals [5] . Despite the use of multiple AI or combined utilization of AI and natural mating (NM) contributed partly to the relatively large captive population, but it also introduced a problem of mating between multiple males and single female to studbook records, thus making that genetic tool is the only choice to get a pedigree for those AI offspring.
The giant panda (Ailuropoda melanoleuca) is one of the most endangered animals and its captive and wild populations currently possess 293 individuals [6] and 1596 ones [7] , respectively. Due to male infertility and absence of males in a facility, zoo managers usually employ sperm from several males to perform AI to ensure reproduction of captive giant pandas [8] . Thus, it is essential for managers to perform paternity testing for captive giant pandas.
Different kinds of molecular marker systems were involved in paternity determination, including DNA fingerprinting [8, 9] , amplified fragment length polymorphism (AFLP) [10, 11] and microsatellites [12] [13] [14] . The microsatellites were recommended to serve as a preferred marker system due to their codominant inheritance, wide genome coverage, high variability and ease scoring [15] . To develop a reliable marker system to conduct paternity testing, we isolated 16 microsatellite loci for the giant panda in a previous study [16] . However, we were confused about priority of these microsatellite markers when carrying out paternity tests. Zane et al. [15, 17] emphasized that the statistical power of microsatellite markers depended on the number of loci used, the degree of polymorphism of each locus and the sample size, suggesting that the microsatellites should be used in the order of polymorphism of markers.
Of the present study, our first objective is to determine the paternity issues of AI-derived giant panda cubs born in the years of 2006, 2007 and 2008 through microsatellite genotyping. The second objective is to formulate a new criterion for priority of employing microsatellite markers based on the success rate of paternity exclusion (PE) of each locus. The third objective is to develop a fast reliable method to perform paternity tests for Wolong giant pandas in the future.
Materials and methods

Sample collection and DNA extraction
In total, 47 fresh blood samples were collected from the China Research and Conservation Center for the Giant Panda (Wolong) during routine medical examinations, including all of adult giant pandas and their cubs derived from 25 multiple-to-one AI cases of 2006, 2007 and 2008. Blood was collected using ethylenediaminetetraacetic acid (EDTA)containing syringes and stored at -80°C. Genomic DNA was extracted from blood samples using standard phenol/chloroform methods [18] .
Microsatellite genotyping
Sixteen pairs of primers were obtained from our previous study [16] . A M13 tail (5′-CACGACGTTGTAAAACGA-C-3′) was added to the each forward primer to allow fluorescent labeling during amplification reactions. We performed PCR amplifications as described by Zhang et al. [16] and finally selected seven microsatellite loci yielding stable PCR products and easily scored bands in automatic genotyping to carry out paternity testing. Amplification products, loaded on 6.5% denaturing polyacrylamide gels, were analyzed on a Li-Cor 4200 automated DNA sequencer, with a size standard (50-350 bp, IRD-700). SAGA GT version 3.2 software (LI-COR) was used to analyze gel images and size the alleles accurately.
Data collection and analysis
Genotypic data were generated by SAGA GT version 3.2 and some manual adjustments were made based on the banding patterns on the gel images. Population genetic parameters such as the number of alleles per locus (Na), observed heterozygosity (H O ) and expected heterozygosity (H E ) were estimated with GENETIX 4.05 [19] . Hardy-Weinberg equilibrium (HWE) was analyzed using GENEPOP 3.3 version [20] . Parameters of test of neutrality such as observed homozygosity statistic (F O ), expected homozygosity statistic (F E ) and normalized deviate of the homozygosity (Fnd) were calculated using PyPop 0.7.0 [21, 22] . PE analysis was performed in GPPE (giant panda paternity exclusion) program, which was Excel-based and developed by ourselves. revealed the levels of genetic diversity in other bears were about 2.00-8.75 for Na, 0.30-0.82 for H E [24] . For wild giant pandas, the levels of genetic variation were 3.98 for Na and 0.53 for H E [24] . Therefore, the allelic polymorphism and heterozygosity showed that the captive giant pandas in Wolong possessed a relatively high level of genetic variability and were a good source for reintroduction.
Test of neutrality
Allele frequencies of seven microsatellite loci showed that each locus produced an obviously predominant allele and several ambiguous low-frequency alleles (Table 1) . Nonetheless, the frequencies of predominant alleles of seven loci lacked correlation with the total number of alleles (P > 0.05). Thus, the data of allele frequency were subjected to assessment of test of neutrality. The results revealed that there were three loci under expectation of neutrality, including Aime-10, Aime-16 and Aime-5 (P > 0.05; Table 2) . To the contrary, other four loci yielded significantly deviations from F E (P<0.05; Table 2) , showing a more even distribution of alleles than expected from neutrality.
Paternity testing
According to the order of polymorphism (i.e. Na), the seven microsatellite markers were used one-by-one to perform PE analysis of 25 AI cases of Wolong giant pandas ( Table 3 ).
The results showed that (1) PE percentages of seven loci ranged from 28% to 76%, (2) two most polymorphic loci Aime-11 and Aime-13 produced 100% success rates of PE, and (3) 
Correlation analysis between PE percentages and other parameters
Correlation analysis between success rates of PE and other parameters could produce an indicator for selection of molecular markers. Correlation analysis between PE percentages and Na values gave an expected significant positive correlation (P = 0.017; Table 2 ). Moreover, our study revealed another two stronger correlates, H E and F O ( Table 2) .
The H E values showed a highly positive correlation to the success rates of PE (P = 0.011; Table 2 ) while the F O measures presented a significant negative correlation to PE percentages (P = 0.011; Table 2 ). Thus, we deduced a new variable NaH E /F O , which produced a highly significant positive correlation to the PE power of microsatellites (P = 0.001; Table 2 ). Furthermore, our results demonstrated that the reason that the bi-locus marker system gave a 100% Table 2 ). Therefore, we recommended the NaH E /F O parameter to serve as a new criterion for priorly employing microsatellite markers when developing highresolution molecular techniques to conduct paternity determination for captive animals.
Establishment of a fast effective method for paternity determination
The Li-Cor 4200 automated DNA sequencer could generate gel images, which allows us to adjust some genotyping errors from automatic scoring. Furthermore, the banding patterns of parents and offspring were present in the same gel image, which were read like DNA fingerprinting and thus provided reliable PE results. Taking Aime-11 as an example (Figure 1) , the lanes No. 1, 3 and 6 were three potential fa-thers (Studbook numbers: 424, 503 and 467) while the No. 16 and No. 17 lanes were the giant panda cub (No. 652) and the mother (No. 382), respectively. The gel-based PE analysis easily identified the male of No. 424 as the real father of No. 652 ( Figure 1 and Table 3 ).
Although there are some types of software, such as Cervus [25] , FaMoz [26] and EasyPA [27] , able to deal with paternity testing, these programs were designed based on maximum likelihood and/or Bayesian inference. Since the paternity issues of captive giant pandas usually involves 2-4 males, direct PE analysis is enough for identifying the real sires from AI cases, which is more accurate than likelihood and Bayesian methods. Hence, we designed an Excel-based GPPE program to conduct PE analysis of captive giant pandas. Taking cubs No. 631 and 632 as examples, we entered genotypic data of five adult and two young giant pandas into GPPE and returned that the male No. 503 was the real father of both cubs ( Figure 2 and Table 3 ). Moreover, the results revealed that the first bi-locus marker system had a) The numbers in parentheses were the number of alleles (Na). Symbol "√" represents that this microsatellite alone is capable of excluding non-father males while symbols "•" and "○" shows that these two suites of markers also are able to identify the real sire. Table 1 .
Figure 2
Interface of PE analysis of panda cubs No. 631 and 632 in GPPE program. "A" was abbreviation of allele and its numbering of each locus was the same as that in Table 1 . Genotypic data of the individuals could be divided into the left and right alleles so that we designated "using the left alleles of young baby and the right alleles of adult pandas to conduct PE analysis" as "left-to-right PE". According to this rule, symbols of "○", "•", "□" and "■" represent the exclusion results of left-to-left, left-to-right, right-to-right and right-to-left, respectively. an obviously better exclusion power than the second penta-locus system (Figure 2 and Table 3 ). In addition, for each giant panda had a Chinese house name, for the convenience of breeders, we could easily replace studbook numbers in GPPE with Chinese house names, thus greatly facilitating management of captive giant pandas.
In conclusion, we established a fast effective method to conduct paternity tests for Wolong giant pandas; this technique includes prior genotyping of two most polymorphic microsatellite loci in a gel-based Li-Cor DNA analyzer, supplement genotyping of the penta-locus marker system and final PE analysis in GPPE program. In most AI cases, the bi-locus marker system is enough to resolve paternity issues and thus the second penta-locus technique would be used occasionally. As a consequence, this study developed a fast, reliable and economic genotyping technique for Wolong giant pandas that will be useful in the future.
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